Abstract There is increasing evidence of the interaction of fat and bone metabolism and the role mechanical signals may have in regulating the adaptation of these tissues. The rat hindlimb suspension model of disuse osteoporosis was used to identify genes differentially expressed relative to normal weight-bearing bones and whether the relative expression of these genes is sensitive to anabolic mechanical stimuli. Ten days of hindlimb suspension suppressed percent labeled surface and bone volume/trabecular volume of the proximal tibia by 46% and 69%, respectively, compared to controls. Differential display polymerase chain reaction (DD-PCR) and Northern blot analysis identified and verified, respectively, that expression of Spot 14 (S14), an important gene in lipogenesis, was upregulated fourfold in tibiae of tail-suspended animals compared to long-term controls. Anabolic mechanical stimulation (45 Hz, 10 min/day at 0.25 g) did not show a statistically significant effect on S14 expression. These results indicate a potential role for lipogenic genes during bone loss caused by disuse, further supporting a link between bone and fat tissue, and, considering the insensitivity of these genes to mechanical signals which promote bone formation in the skeleton, the independence of resorptive and formative processes in bone.
Introduction
Understanding the molecular basis of Wolff's law, the formfollows-function paradigm of bone, is critical to understanding the etiologic basis of osteoporosis. At the tissue level, disuse is highly permissive to resorption in the skeleton [1] , while new functional challenges are often met by increase in bone quantity and improvement in bone quality [2] . Certainly, identifying those genes which facilitate the resorptive process would reveal novel targets for therapeutic interventions for osteoporosis. With increasing evidence of a regulatory role of bone in the control of fat metabolism [3] and the interdependence of mechanical signals on bone and fat production [4] , a specific goal of this work was to determine if genes most often associated with the regulation of adipose tissue were active in bone and influenced by changes in bone's mechanical environment. Spot 14 (S14), predominantly expressed in lipogenic tissues such as liver, fat, and the lactating mammary gland [5] , was initially identified as an in vitro translated protein spot on two-dimensional gel that was rapidly induced by thyroid hormone in rat liver [6] . The S14 gene codes for a 17-kDa acidic protein that lacks any well-recognized functional motifs. Animal studies showed a close correlation between S14 expression and lipogenesis [7] [8] [9] [10] , while S14 knockout mice indicated that it is required for de novo lipogenesis in the lactating mammary gland but not for the induction of lipogenesis in the liver by thyroid hormone [11, 12] . More recently it was reported that S14 causes inhibition of cell proliferation and of anchorage-independent growth in human breast cancer cells [13] . Despite this evidence, the biochemical function of S14 protein remains unclear. The observation that S14 protein is present in the nucleus of hepatics cells and that primary hepatocytes transfected with an S14 antisense oligonucleotide abolished the lipogeneic enzyme activities and lipogenesis induced by T3 and glucose suggested that S14 protein regulates lipogenesis by regulating the transcription of other lipogenic proteins [14, 15] . Alternatively, it was speculated that S14 binds to the cytoskeleton and helps to remove newly synthesized fatty acids from fatty acid synthase (FAS) to relieve end-product inhibition [16] .
Herein, we report that S14 expression was activated in tibiae of tail-suspended animals but not affected in osteogenic mechanical stimulation. Obesity protects from osteoporosis through an unknown mechanism [17] [18] [19] . Our results suggest a potential role of S14 in the protection of bone loss due to disuse, and this process is probably independent of anabolic responses caused by mechanical stimulation.
Materials and Methods

Disuse/Mechanical Stimulation
Retired female breeder Sprague-Dawley rats, 180-240 days old, were used in tail suspension and mechanical stimulation. All procedures were reviewed and approved by the Animal Care Committee of Stony Brook University and met all guidelines for the health and welfare of the animals. For the disuse experiment, 12 rats were assigned to two groups: long-term control (n = 6) and tail suspension (n = 6) according to the Morey-Holton tail suspension model [20] . The rats were individually caged with free access to food and water. The protocol ran for 10 days. For mechanical stimulation, 18 rats were assigned to three groups: long-term control (LTC, n = 6), MS1 (n = 6, 10 min/day, 90 Hz at 0.25 g), MS2 (n = 6, 10 min/day, 45 Hz at 0.25 g). Mechanical stimulation was performed using an oscillating platform, and the rats were individually caged with free access to food and water [21] . The protocols ran for 28 days. All animals were weighed at the beginning and end of the study. Rats were sacrificed by carbon dioxide inhalation, and tibiae were harvested. Lastly, the right tibia was used for histomorphometry and the left tibia was used for total RNA extraction.
Histomorphometry
The proximal tibia (right) was embedded in methylmethacrylate (Fisher Scientific, Fair Lawn, NJ) using a threestep protocol [22] . After trimming the plastic blocks, 50-lm-thick frontal sections from the central tibia were cut on a diamond wire saw (model 3241; Well Diamond Wire Saws, Mannheim, Germany). Sections were mounted on an epifluorescent microscope (910). Trabecular bone of the proximal tibial metaphysis was evaluated over an area enclosed by two lines, 800 lm and 2,000 lm distal of the growth plate. Twenty-four adjacent squares, each displaying 1.6 mm 2 , were captured by a video camera interfaced with a digitizing pad (CalComp, Anaheim, CA) and a PC. Fluorescent labels and bone surfaces were traced, and morphometry software (OsteoMetrics, Atlanta, GA) was used to determine bone histomorphometric indices. Trabecular bone formation rate with bone volume as referent
), mineralizing surface compared to bone surface (MS • BS -1 ), mineral apposition rate (MAR), and bone volume (BV) were determined as described previously [23] . All histomorphometric evaluations were performed without knowledge of which experimental group the bones came from.
RNA Purification
Total RNA was isolated from intact bones (which included bone marrow, articular and normal growth plate cartilage) using the ToTALLY RNA kit (Ambion, Austin, TX) as described before [24] . The intact tibiae initially were pulverized in liquid nitrogen using a pestle and mortar and then added to the denaturing solution. Each sample was homogenized with a polytron (Brinkmann Instruments, Westbury, NY) and extracted once with phenol-chloroform-isoamyl alcohol using centrifugation (10,000 9 g). The aqueous phase was then transferred to a fresh tube, and a 1/10 aqueous phase volume of sodium acetate solution was added. The sample was again extracted with acid-phenol-chloroform. The aqueous phase was transferred to a fresh tube, mixed with an equal volume of isopropanol, and incubated at -20°C for at least 1 hour to precipitate the RNA. Finally, the RNA was pelleted by centrifugation (10,000 9 g), washed with 70% ethanol, air-dried, and dissolved in RNase-free water/0.1 mM ethylenediaminetetraacetic acid (EDTA). The concentration of each RNA sample was determined spectrophotometrically, and the integrity of all RNA samples was monitored on agarose gels.
Differential mRNA Display Polymerase Chain Reaction
Differential mRNA display polymerase chain reaction (DD-PCR) was used as described by Liang and Pardee [25] using the RNAimage kit (GenHunter, Nashville, TN) as described before [26] . Before reverse transcription, RNA was treated with DNase I. The DNA-free total RNA was then mixed with 1 lM of each of the degenerate oligo-dT primers, 1 9 reverse transcription buffer, and 20 lM dNTPs. The solution was heated for 5 minutes at 65°C and then cooled to 37°C for 10 minutes, followed by addition of 200 U of reverse transcriptase (RT). After incubation at 37°C for 1 hour, the mixture was heated for 5 minutes at 95°C, followed by cooling and storage at -20°C. PCR was performed in thin-walled tubes containing 0.2 vol of RT reaction, 1 9 PCR buffer (10 mM Tris-Cl [pH 8.4], 50 mM KCl, 1.5 mM MgCl 2 , and 0.001% gelatin), 2 lM dNTPs, 33 P-dATP (0.25 lL of 1,200 Ci/mmol), 1 lM of each of the degenerate oligo-dT primers, 0.2 lM arbitrary primer, and 10 U of AmpliTaq DNA polymerase. PCRs were performed as follows: 94°C for 30 seconds, 40°C for 2 minutes, and 72°C for 30 seconds for 40 cycles, followed by one cycle of extension at 72°C for 5 minutes. DNA sequencing loading buffer was added to an aliquot of each reaction and incubated at 80°C for 2 minutes. Each sample was then loaded onto a 6% denaturing DNA sequencing gel and electrophoresed at 1,700 V. The gel was dried without fixation and exposed directly to Kodak (Rochester, NY) Biomax film overnight at room temperature. The specific band of interest was excised from the gel, placed in 100 lL water for 10 minutes, and boiled for 15 minutes. After a 2-minute spin, the supernatant was transferred to a new tube and 10 lL of 3 M sodium acetate, 5 lL of glycogen (10 mg/mL), and 450 ll of 100% ethanol were added. After 30-minute incubation at -80°C, the sample was centrifuged for 10 minutes at 4°C to pellet the DNA. The pellet was washed with 85% ethanol, air-dried, and dissolved in 10 lL water. Four microliters of the sample was used for reamplification using the corresponding primer set. After reamplification, the cDNA fragment was checked on an agarose gel for size consistency and subcloned into the PCR-tartrate-resistant acid phosphatase (TRAP) vector (GenHunter). The cDNA fragment was subsequently sequenced.
Northern Blot Analysis
Northern analysis was performed as previously described [27] . Total RNA (20 mg) from multiple samples was prepared, fractionated on a 1% formaldehyde/agarose gel, transferred to a nylon membrane (Nytran; Whatman, Florham Park, NJ), and UV cross-linked according to standard procedures. cDNA probes were randomly labeled with 32 P-dCTP and hybridized to the membrane at 65°C overnight in a solution containing 15% formamide, 200 mM NaPO 4 (pH 7.2), 1 mM EDTA, 7% sodium dodecyl sulfate (SDS), and 1% bovine serum albumin (BSA). Following hybridization, the blot was washed in a solution of 2x standard saline citrate (SSC)/1% SDS at 50°C for 30 minutes, 0.2x SSC/1% SDS at 50°C for 30 minutes, and 0.2x SSC/0.1% SDS at 65°C for 30 minutes. Finally, the blot was exposed to Kodak Biomax film at -80°C. The bound probe was quantitated by scanning the X-ray film and measuring the integrated optical density (IOD) of each band using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD). The values of bound probe were normalized to the corresponding levels of 18S plus 28S rRNA (on membrane) and plotted as the ratio of probe to 18S plus 28S rRNA in arbitrary units.
Statistics
Two-tailed t-tests were used to compare histomorphometric indices between the control, mechanical stimulation (MS), and disuse groups. Northern analysis ratios were also analyzed by two-tailed t-test. Changes in body mass between day 0 and day of sacrifice were evaluated via paired t-tests within groups. All data are represented as mean ± standard deviation (SD).
Results
Histomorphometry
During the course of the study, no significant weight changes were observed in any of the groups. Two of the mechanical stimuli (90 and 45 Hz, 28 days) showed a significant increase in percent labeled surface (LS) (+89% and +135%, respectively; P \ 0.05) and bone volume/trabecular volume (BV/TV) (+107% and +97%, respectively; P \ 0.05) over LTC (Table 1) . In contrast to the anabolic nature of the mechanical stimuli, 10 days of tail suspension caused both LS and BV/TV to drop precipitously compared to control (-46% and -69%, respectively; P \ 0.05) (Fig. 1) .
Transcriptional Sensitivity of Spot 14 to Disuse and Mechanical Signals
In order to identify differentially expressed genes, we employed DD-PCR of mRNA isolated from the tibiae of tail-suspended animals and compared it to RNA isolated from control animals. Using specific combinations of primers, we identified a 383-bp cDNA fragment with increased expression in disuse samples (Fig. 2a) . cDNA was isolated from the gel, purified, reamplified using the corresponding primer pair, subcloned, and sequenced. A BLAST search found the sequence 99% homologous to the rat Spot 14 cDNA (GenBank K01934).
To confirm the results obtained from the differential mRNA display, we used the subcloned cDNAs as a probe for Northern analysis. The hybridization signals from the Northern blot were determined by IOD measurements and normalized to 18S plus 28S rRNA levels (Fig. 2b, c) . Results show that S14 mRNA transcript was upregulated by about fourfold (P \ 0.01) in the disuse samples (lanes 7-12, 1.54 ± 0.80) compared to controls (lanes 1-6, 0.37 ± 0.17). We also measured S14 expression under 45 Hz mechanical stimulus using Northern hybridization; this osteogenic stimulus did not show a statistically significant effect on S14 expression (Fig. 3, 1 .15 ± 0.28 in LTC, 0.97 ± 0.71 in 45 Hz MS).
Discussion
The discovery of genes that are involved in mechanically stimulated bone formation as well as disuse-induced bone loss will be critical for discovering the underlying mechanisms of Wolff's law. In vitro and in vivo studies have been conducted to screen or evaluate genes responsive to mechanical loading and disuse/microgravity unloading [28, 29] . In this study we report that the S14 gene, which plays an important role in lipogenesis, is upregulated in the hindlimb disuse model but has no response to anabolic mechanical stimulation.
It is well known that a decrease in BV associated with osteoporosis and age-related osteopenia is accompanied by an increase in marrow adipose tissue [30, 31] . Indeed, an increase in marrow adipocytes is observed in conditions that lead to bone loss, such as ovariectomy [32] , Fig. 1 Dynamic histomorphometry was used to quantify the bone tissue response to 10 days of tail suspension. Both %LS and BV/TV were reduced significantly by disuse (P \ 0.05). Data are represented as mean ± SD Fig. 2 Upregulation of S14 gene in disuse samples. (a) Differential display result. PCR products from four control (left) and four disuse (right) tibiae RNAs were loaded side by side on differential display gel; the band marked by an arrowhead was cut from the gel and identified as S14 cDNA. (b) Northern blot of S14 and agarose gel image. The left six lanes are from six different LTC animals, and the right six lanes are from six animals subjected to disuse. (c) Quantification of Northern blots. Using optical density methods and normalized to 18S plus 28S rRNA, S14 expression was upregulated by about fourfold (**P \ 0.01) following 10 days of disuse. Data are represented as mean ± SD immobilization [33] , or treatment with glucocorticoids [34] . Our discovery of increased S14 gene expression in disuse rats is consistent with these observations. It is also known that obesity protects mammals from osteoporosis [17] [18] [19] . Considering the important role S14 plays in lipogenesis, it is conceivable that it can play a significant role in this protective process. Recently it was reported that human spot 14 protein interacts with thyroid hormone receptor (TR) and suppresses the malic enzyme promoter activity enhanced by liganded TR [35] . Considering the negative effects of thyroid hormone on bone remodeling [36, 37] , it is reasonable to presume that S14 helps prevent bone resorption by reducing the negative effect of TR on the skeleton.
The mechanism that could account for the apparent reciprocal relationship between decreased bone density and increased fat formation is beginning to be understood. The bone marrow stroma is a complex system composed of mesenchymal stem cells (MSCs) which can replicate as undifferentiated cells as well as differentiate into different lineages of mensenchymal tissues, including bone, cartilage, fat, muscle, and marrow stroma [38] . Increasing evidence of transdifferentiation of these cells suggests a large degree of plasticity between osteoblasts and adipocytes [29, [38] [39] [40] [41] . Although our results did not show significant reduction of S14 expression following anabolic mechanical stimulation, we could not eliminate the possibility that S14 may also play a role in the plasticity between osteoblastogenesis and adipogenesis. To support this speculation, we looked into expression of the S14 gene in fracture callus at different ages and time points using publicly available data (NCBI GEO GSE594) [42] . S14 expression at early stages of fracture (3 days, 1 week, 2 weeks) was reduced by at least fourfold compared to intact (0 days) and later-stage fractures (4 weeks, 6 weeks).
It is unknown how disuse elevates the expression of S14. Peroxisome proliferator-activated receptor c (PPARc) is considered to be a master regulator of the adipocyte differentiation program and induces liver X receptor (LXR) [43, 44] , which then stimulates SREBP-1 and S14 expression sequentially [45] [46] [47] . It was previously reported that dietary polyunsaturated fatty acids (PUFAs) suppress FAS transcription by decreasing nuclear SREBP-1 content and altering the binding of NF-Y to promoters of PUFAresponse genes [48] . Further, in vitro experiments demonstrated that exposure of human MSCs to 7 days of modeled microgravity increases PPARc expression [29] . It is possible that during disuse (an in vivo microgravity simulation), the PPARc pathway can be activated and thus induce S14 expression. Thus, further investigations are needed to clearly define the molecular events involved in S14 expression and its involvement in the skeleton's adaptation to the absence of mechanical loading. 
